Abstract: Input-output (I-O) analysis is frequently applied to the energyenvironmental area, because not only the direct but the indirect environmental repercussions of different patterns of final demand can be explored. (I-O) analysis has a structural deficiency in evaluating the system including the production of by-products since joint production is not assumed to appear in the theory of (I-O) analysis. Although several methods were developed so as to overcome this drawback, this problem has not been fundamentally solved.
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Introduction
Input-output (I-O) analysis is a useful method for evaluating interrelations between economic activities. I-O analysis is often applied to the energy-environmental field, because not only the direct but also the indirect environmental repercussions can be explored. However, I-O analysis has a structural deficiency in evaluating the system including the production of by-products because joint production is not assumed to appear in the theory of I-O analysis. Although several methods have been developed so as to overcome this deficiency, this problem has not been fundamentally solved.
In this paper, a three-dimensional input-output table (3DIO) is suggested in order to deal with joint production. 3DIO is an extension of conventional I-O analysis. It shows the interrelations between all of the activities and consists of I-O tables which are made for each commodity. The amount of produced commodities is correctly counted in 3DIO although the amount of by-products is not accurately counted in conventional methods.
As an application of 3DIO analysis, an energy-economic model is developed and abatement options for global warming are evaluated from the viewpoint of costeffectiveness. We take the following abatement options into consideration:
• CO 2 recycling,
• utilization of exhaust heat,
• expansion of electric furnaces,
• fuel switching in electric power and
This paper has five sections. The next section describes the definition of 3DIO and shows a simple example. The third section outlines the structure of the energy-economic model. We then present computed results of the simulation and the fifth section concludes.
Three-dimensional input-output table

Fundamental structure
The three-dimensional input-output table (3DIO) is an extension of the conventional I-O table. It describes the interrelations between all of the activities and consists of I-O tables which are made for each commodity. The equation which corresponds to the following conventional I-O equation is described below.
where ( ) I A − − − −1 is the standard Leontief open system production inverse and F, X is the final demand vector and gross output vector, respectively. Since three-dimensional matrices are dealt with below, we firstly define an operation rule. The product of a threedimensional matrix A = = ( ) a ijk and a vector x = (x j ) are defined as:
Then, the relation of the production balance is shown as the following equation:
where
is the amount of the commodity k which is inputted from activity i to activity j, F = = ( ) F ik is the final demand matrix which shows the final demand of commodity k outputted from activity i and X = = ( ) x ik is the gross output matrix which shows the gross output of commodity k produced from activity i. Coefficient matrix A = = ( ) a ijk and vector e are defined as:
Therefore, Equation (3) is shown as the following equation:
The operation rule shown in Equation (2) is used in the product of A and Xe. A = = ( ) a ijk
indicates the requisite amount of commodity k produced from activity i when activity j produces a unit of commodity. This system can be solved for X by taking the repercussion of production into account. This yields:
where L is the function given by:
and I is an identical transformation. Equation (6) is uniquely solved for X, and it can be easily confirmed that Equations (7) and (8) satisfy (6). Figure 1 illustrates the conception of 3DIO. Using 3DIO shown in Table 1 and 2, the discussion mentioned above can be followed. Activity A produces 5 units of by-product B and inputs them to Activity B, while it yields 10 units of main product A and inputs them to Activity B. Activity B produce no by-products. Input and output of each activity are equal as follows:
An example
Output from Activity A = 25 + 5 = 30
Input to Activity A = 20+10 =30
Output from Activity B = 0 + 20 = 20
Input to Activity A = 10+10 = 20
Final demand matrix F and gross output matrix X is given by: 
and coefficient matrix A is given for each product as follows: 
The following equation gives the gross output in each activity: 
Then Equation (6) is easily confirmed. Using Equation (7), (8), the first repercussion of final demand is expressed: In the same way the induced production is repercussively calculated using Equation (7) and (8). 
Comparison with conventional methods
Although the principle 'one activity, one commodity' is assumed in conventional I-O analysis, some methods have been developed so as to deal with a joint production system. R. Stone [1] suggested the method by which the production of by-products is regarded as the minus input to the activity that produces them. I-O table in SNA (System of National Accounts) deals with joint production by showing the structure of activities and commodities. D. W. Jorgenson et al. [2] developed an energy-economic model with a similar method. Although a variety of methods have been created, every method has some deficiency. The characteristics of some methods are described below using a simple example.
Stone's method
As shown in Table 3 , the production of by-products is regarded as the minus input to the activity that produces them. If the scale of activity A which produces by-products is large, the gross output of activity B might be minus. Also the amount of by-products is not included in the total sum of the production (=40+15+60).
I-O tables in SNA
I-O tables in SNA uses two tables; one table shows the amount of each commodity which is produced from each activity, and the other shows the amount of each commodity which is inputted to each activity. As shown in Table 4 and 5, combining two tables (activity by commodity and commodity by activity), the interrelation of activities is able to be analysed. This method however, offers less information than 3DIO because it does not describe the complete input-output relation. For instance, if a kind of commodity is produced from multiple activities and the commodity is inputted to multiple activities, we cannot know how much the commodity is inputted from which activity to which activity. It is determined by the proportional allocation based on the production share of the commodity. From this point of view, I-O tables in SNA does not always represent real relations between activities. For reference, examples of 3DIO which correspond to the methods mentioned above are shown in Table 6 , 7, and 8. 
Energy system model using 3DIO
The aim of this section is to present the structure of the energy model as an application of 3DIO and outline several abatement options for global warming which are taken into consideration in this study.
Structure of the model
Framework
As an application of 3DIO, we developed the energy system model. It is a dynamic energy-economic model which calculated the total products in each activity and each year under the given initial value of production. The basic structure of the model is shown in the following equation:
,
are gross products, intermediate demand, capital formation, final demand, exports, and imports in the period t, respectively. Capital formation and imports are assumed to be in proportion to the increase of the gross products and the domestic total demand, respectively. Input coefficient matrix A consists of input coefficient matrices of each commodity remade from the conventional input-output table of Japan [3] . Industries are divided into 24 sectors as shown in Table 9 . Energy and steel sectors are disaggregated and nonmanufacturing industries are aggregated for the purpose of the simulation below. It should be stressed that the domestic sector is endogenous for the following two purposes. First we can take the multiplier effect of investments into account, i.e. the production growth by investments increases household income, and in turn boosts growth in industrial production again. The other purpose is that domestic recycling is explicitly treated in the model. For instance, iron scrap recycled from the domestic sector is regarded as a by-product of households.
Simulation
The purpose of the simulation is to evaluate the cost-effectiveness of abatement options for global warming. We evaluate the cost impact of the abatement options in the form of the carbon tax rate by assuming that carbon tax is implemented and the revenue is offset by the subsidy for introducing the options. There are three factors which affect the calculation of gross products, i.e. carbon tax, material switching and investment. Firstly carbon tax suppresses the growth of final demand. Hence demand from the domestic sector decreases in proportion to the carbon tax rate and demand elasticity of each sector [4] . The values of demand elasticity are shown in Table 9 . The measure from the producers' side is material switching such as fuel switching to natural gas. This is treated in the model by modifying the input coefficients. Take, as an example, fuel switching from coal to natural gas in the electric power sector, the coefficient of coal to electricity is decreased and that of natural gas to electricity is increased. Investment is dealt with by the capital coefficient matrix K The elements show the requisite capital for a unit of production growth. Investment of energy conservation raises the capital coefficients. As a result, it is the negative factor of growth if the employment effect is ignored. The value of capital coefficient is shown in Table 9 . These are calculated according to the statistics from 1980 to 1992 of Japan. The dynamic relation of these factors are shown in Figure 2 . 
Abatement options for global warming
The purpose of the simulation is to evaluate the cost-effectiveness of abatement options for global warming. We take the following five options into consideration:
• expansion of electric furnace,
• fuel switching in electric power generation and industrial heat.
3DIO is the appropriate method for dealing with the first three options since they include joint production.
CO 2 recycling
CO 2 recycling is a system utilizing solar energy by the medium of methanol. Recovered CO 2 from coal power plants are carried to the low latitudes abundant in solar energy. Methanol is synthesized from CO 2 and hydrogen generated by the electrolysis of water. Then methanol is transported back to the consumers. In this system methanol is regarded as the by-product of the electric power sector.
Assumed data on the relevant plants are shown in Table 10 . In the case that CO 2 recovery equipment is introduced to the power plant of 1GW scale, the value as for generated methanol is estimated as shown in Table 11 . The capital cost of photovoltaic power plant accounts for nearly 80% of the total cost although the scale merit is taken into consideration. The manufacturing cost of methanol from the conventional synthesis is estimated about 9.6$/GJ by R.Williams [6] . Hence some price incentives such as subsidy are necessary so as to introduce the methanol generated from CO 2 recycling. 
Utilization of exhaust heat
Energy-intensive industries such as steel or chemicals exhaust surplus heat at high temperature. Although some of the surplus heat is returned to the same industries, it is possible to utilize more heat for the hot water supply or heating in the residential sector, where high temperatures are not required. We take the following industries as the heat supplier: petroleum refinery, chemicals, coal products, pulp and allied products, cement, steel and electricity. The amount of surplus heat which is able to be utilized in Japan is estimated as shown Table 12 . Electric power plants exhaust large amounts of heat. Although its temperature is only about 100 degrees, it is able to be utilized in households. In this case, exhaust heat is regarded as the by-product of each industry. Assuming that it is utilized in the household sector, we evaluate the cost-effectiveness of utilizing exhaust heat.
Table 12
The amount of surplus heat in Japan [3] Sector
Amount [PJ]
Chemicals and allied products 73
Petroleum refinery products 26
Coal products 5
Pulp, paper and wooden products 48
Stone, clay and glass products 89
Steel 89
Electric power 1073
Expansion of electric furnaces
The steel industry is one of the most energy-intensive sectors. Since crude steel made from converters requires more energy input than from electric furnaces, energy can be saved by substituting the latter for the former. All of the converters, however, cannot be substituted by electric furnaces because the quality of crude steel made from converters is generally higher than that of electric furnaces. R.Matsuhashi [9] estimated the maximum possible production of crude steel made from electric furnaces. The estimated value is 56 million tons in Japan. In this simulation we assume that crude steel from electric furnaces grows to 56 million tons and the electric furnaces utilizing direct current are introduced. The capital cost of electric furnaces is assumed to be 160 $ per ton of crude steel produced. Iron scraps outputted from each industry is regarded as the by-products and inputted to the electric furnaces.
Fuel switching in electric power generation
Natural gas has a lower carbon content than other fossil fuels. We assume that natural gas substitutes for petroleum oil and coal in electric power generation. Although nuclear power is also an environmental option, we do not focus on it, taking public acceptance into consideration. The requisite equipment for fuel switching is the replacement of the boiler. The estimated capital cost is 9.2 $/kW according to Ogawa [10] . Running cost is also taken into account.
Fuel switching in industrial heat
The fuel source of industrial heat is elastic to the price. In this simulation we assume fuel switching from coal and petroleum products to natural gas in the industries shown in Table 13 . Natural gas substitutes for all consumption of coal, petroleum products and coal products except the input as material. The capital cost is estimated according to Ogawa [10]. 
Evaluation of abatement options
Based on the framework of the simulation shown in Section 3, we will present the computed results in this section. We evaluate the cost-effectiveness of the abatement options of global warming from the viewpoint of CO 2 reduction and economic loss. 
Computed results of base case
Firstly we conducted the simulation taking no abatement options into account. Simulating time length is ten years. Under the given initial value of the production in each sector, time series values of gross products are calculated. The benchmark year is 1990. Figure 4 shows gross products and CO 2 emissions. Average growth rate is approximately 2.6% per year.
Computed results of abatement case
We evaluate abatement options by the rate of carbon tax required to implement them, assuming carbon tax revenue is offset by the subsidy. The value of carbon tax is shown in Table 14 . In the model carbon tax affects the household consumption by the demand elasticity. It is true that these values do not reflect the accurate marginal cost since the effect of the options influence each other. However, it is possible to take them as indices of cost-effectiveness at present. CO 2 recycling and utilization of exhaust heat shows excessively costly values. Figure 5 indicates the trade-off between GDP loss and CO 2 reduction after ten years in the simulation. For reference, we evaluated the case of carbon tax (0.83 $/t-C) without abatement options. It indicates that fuel switching in electric power and industrial heat are the most cost-effective. Although the abatement effect of the expansion of electric furnaces is smaller than these options, it has the reduction potential of 2%.
Figures 6 and 7 illustrate the percentage change of GDP from base case in each industry. In the case of CO 2 recycling, all of the industries decrease the production. The influence of carbon tax in the electric power sector exceeds the growth by producing methanol jointly. By utilizing exhaust heat from energy-intensive industries, production of the gas supply sector decreases by 9.8% per year compared with the base case. The electric power sector supplies much surplus heat and increases production. In the case of the expansion of electric furnaces, production of coal and iron mining decreases by the repercussion. Conversely, natural gas is consumed more by the indirect influence of introducing electric furnaces.
Table 14
Required rate of carbon tax of abatement options
Neutral carbon tax [$/t-C]
CO 2 recycling 83.3
Utilization of exhaust heat 51.7
Expansion of electric furnace 1.1
Fuel switching in electric power generation 0.9
Fuel switching in industrial heat 1.6
Figure 5
Trade-off between GDP loss and CO 2 reduction (in 2000)
Figure 6 GDP change from base case (except electric furnaces option) Note: Sector number is shown in Table 9 Figure 7 GDP change from base case (electric furnaces option) Note: Sector number is shown in Table 9 5
Conclusions
In this paper we propose a three-dimensional I-O table which explicitly deals with a joint production system. It is an extension of the conventional I-O table and describes the interrelations between all of the activities and consists of I-O tables which are made for each commodity. The amount of all the commodities is correctly counted in 3DIO although the amount of by-products is not accurately counted in conventional methods.
As an application of 3DIO analysis, an energy-economic model is developed. This model aims at the evaluation of economic growth as well as CO 2 emissions, taking several measures for CO 2 abatement into account. Since the model is based on 3DIO, it is possible to explain the repercussion effect of abatement options. Computed results indicate fuel switching in power generation is the most cost-effective of the measures evaluated in this study. Then, fuel switching in industry, utilization of exhaust heat and CO 2 recycling follow in order of cost-effectiveness.
